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• SOME EXPIIRIMENTS ON THE SLIPSTREAM EFFECT* '. 'K^''" 
■ ■ - ■ ■ By 0 . Ferrari 

• ■ 

:!LT.orin;o_iM-31-32l»_and_.!iTo^^ The 
models • designated "Torino 30, ?'l , 32" are horizontal tail 
surfaces of rectangular, tr iartgular , "and elliptioal plan • 
form and all of the same profile section, .as indicated in 
fi£Cure 1. The georaetr i cal charact eri st i cs . of .."Torino El" 
are shown in figure 2. The tests on- these models were car- 
ried out under the initiative of General Cfocco following a 
request by the Ministry of Aeronautics, the ohject "being to 
determine the effect of the propeller slipstream on the 
aerodynamical characteristics of the horizontal stahilizer. 
The results which are here presented correspond to a first 
series of tests made without an interposed wing and, in 
which the distance between the plan'e of the propeller disk 
and the tail was maintained constant. Other tests . which 
are now "being conducted are devoted to a study of the ef- 
fect on the tail interference brought about by eitlier vary- 
ing the 6.istance between the propeller and wing or placing 
a wing at different positions between' the stabilizer and 
propeller. The test set-up is shown in figure 3. 

The propeller, of diameter D = 600 millimeters equal 
to the span of the tail surfaces tested, and of pitch p = 
540 millimeters measured at 0,785 radius, is mounted on 
the propeller balance described in the first series of 
these ■ report s and which permits the propeller axis to be 
set at any angle of yaw with respect to the wind direction. 
The stabilizer, by means of a rigid arm, is supported on 
the universal balance having three fulcrums, described in 
"II Laboratorio di Aeronautica del R; Politecnico di Tori- 
no" (Journal of the National Association of Italian Engi- 
neers, 1920) by the director of the laboratory. Professor 
Panetti, and is arranged with the plane of symmetry hori- 
zontal (the span therefore vertical). In order to be able 
to keep the relative T)osition of the tail with respect to 
the propeller unchanged at any deflection and measure the 
rolling moments exerted on the tail surface by the action 
of the propeller, the latter was suspended in the wind tun- 
nel in the following manner: The vertical arm A of the 
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"balance which transmits the aerodynamic forces to the "bal- 
ance carries a horizontal sleeve B, which in turn sup- 
ports on "ball "bearings a horizontal tu'be 0 through which 
there runs shaft D 'terminating in horizontal tu"be E, 
normal to D. Within tu"be E runs the rod F which may 
thus "be set at any horizontal distance from the tunnel ax- 
is. The red F has a circular slot opening within which 
moTes the circular sector H to which the model is rigid- 
ly attached. 3y thus com"bining the rotation a'bout the 
vertica,! axis L with the horizontal displacements along 
E and D, the displacement of the stahilizer may "be re- 
duced to a rotation a"bout the same vertical axis K a'bout 
which the propeller is made to turn to give the desired 
angle of yaw a. Pressure and stop screws permit the mod- 
el to "be fixed in any position. Since the horizontal tu'be 
C which supports the shaft bearing the model is "borne "by 
sleeve B fixed to the "balance arm "by "ball "bearing, the 
rolling moment is measured "by another balance to which the 
moment is transmitted "by wires at the ends of a horizontal 
rod carried "by shaft D, 

For each angle of yaw a of the propeller axis with 
respect to the wind direction there were measured the lift 
and the rolling moments of the tail, the coefficient of 
the thrust and torque, and the side force and corresponding 
torque due to the devia,tion of the thrust line from the 
wind direction and the measurements were taken over the en- 
tire range of values of Y "between zero and maximum aero- 
dynamic pitch. No determinations were made of the tail 
drag "because the thrust was sufficiently large compared to 
the drs.g of the model to make the measurement of the latter 
of little importance. The torque and force coefficients 
of the propeller at various angles of yaw were determined 
"by the method indicated "by the director of the la"boratory 
in the first of these series of reports. The measurement 
of the lift of the tail was o"btained with the thr e e-f ul c rum 
"balance with the rigid arm, while the rolling moments were 
measured with the wire "balance with the model mounted as 
a,"bove descri"bed. The results of the tests are shawn for 
the propeller in figures 4, 5, 6, and 7, and for the sta- 
"bilizers in figures 8, 9, 10, 11, 15, 16, 17, and 18. 

From the curves of figures 4 and 5 it may be seen 
that the angle ■% has the effect of increasing the thrust 
coefficient t and the torque coefficient "but if an- 

gles hot greater than ?-0° are considered and the same co- 
efficients are referred not to Y = V/f^R "but to Ye = 
T cos a/QR these increases, as may he seen from figures 
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6 and 7, are small enough to "be neglected, in complete 
agreement with the theoretical prediction. Thus, for ex- 
ample, the increase in j corresponding to a = 20 is 

"barely 9 percent for = 0.3, and ?.8 percent for Yg = 

0. 2, while the increase in K is 6,1 percent for Vg = 

' 0.25, A slight discrepancy is shown on the diagram of K 
■as a function of' a, for 7q = O,.'^'. .' •■ 

The side thrust coefficients h vary for each value . 

of Yg iji the above range of a almost linearly with a 

as figure 6' shows and the slopes (3h/8a)., , ohtained 

Ye=const 

experimentally agree quite well with those deducihle from, 
the theory of a propeller yawed to the wind direction. 

This is, in fact, the reason that the coefficient of 
side thrust (reference 1)' h may he put in the form h = 

hj) -g- where S is the total "blade area of the propeller 
of radius R and hp ' is given - "by 

H = 2 "^o ["Yo Coo' t cpo + Co .(\l/o + ej] (6) 

where, in accordance with the usual symhols adopted in the 
theory of Professor Pistolesi 

1 + Z 

■ Y = JL; in which Y- = Y — -.-I 

qr' 1 - yy 

n 

putting cos tte = 1; v and cu heing the induced, axial and 
rotational increments; C;^ ' is the angular coefficient of 
lift for infinite siDan and in the developed computation 
may "be vut equal to 2.8; t, is the value of Yg corre- 
sponding to the aerodynamic pitch of the propeller. cpoi 
\j/o I s-nd 6y are the functions of t, introduced "by Profes- 
sor Pistolesi in the ahove theory and whose values corre- 
sponding to the various values of t, are tabulated in ■ 
Pistolesi 's paper "A Simplified Theory for the 'Study of 
Propellers" (Rendiconti Tecnici e speriraentali di Aeronau- 
tico, March 192?) and in the oaper "by 'the sam-e author "Ef- 
fect of Angle of Yaw on the Propeller Ohara.ct er i st.ic s " 
( L • Aer o t ecni ca , 1925). (See also Panetti, reference 1.) 
(6) is the tangent of the effective angle of yaw clq 
corresponding to the a'Dparent angle a and for the range- 
of a considered may "be assumed as equal to the value of ■ 
the angle a© itself, while cos a© may he put equal to 

1 , so that 
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da = CO ■* — w— — . — — ^ 

® 2 (V + v) 

where x is the increment normal to V induced "by the 
propeller at infinity. 

The increments x and v corresponding to definite 
values of Y and a are determined without difficulty 
"by means of the theorems of the change in momentum of the 
mass affected "by the propeller along and normal to V. 
There are ohtained, respectively (reference 2): 



TT Bp p j (V+v) cos a - 



— sin a 



2v = T cos a - H sin a = 

= p R'*n^(T cos a-h sin a)^(l) 



r 1 
TT R p (Y+v)(l+cos a) sin a 1 x=p R-Cf (t sin a+h cos a) 
L 2 J 



In the first of equations (1) if sin a is neg- 

lected in comparison ^7ith (1 + v/V) cos a as may justi- 

fialily be done in view of the order of ma.gnitude of the 
values of a and x/ 2V , there is obtained: 



v_/T-htana4.1_l_ / 4.1^1 (p) 



where Tq = T - h tan a. It is important to note that Tg 
is likewise to a close approximation the coefficient of 
thrust of the propeller w.ithqut_yaw corresponding to the 
same vr.lue of V. The correction term for T for an inci- 
dence of the propeller disk a is, in fact, 




• L (6) 



which coincides with expression h tan a except for terms 
like that containing the coefficient of form drag whose 
order of magnitude is small enough to he negligihle. It 
is thus permissi'ble to calculate the increment in the ve- 
locity as though the propeller were not yawed to the wind 
direction provided that the increment is disposed not along 
the propeller axis "but along the asymptotic wind direction. 
This important property is confirmed "by the test results 
as shown in tahle !• 

From the second of equations (l), we thus have: 
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X 

V 



• TT Y.l. (1„+ COS a), [l + 



(3) 



so that 



4tt Y 



a 



(4) 



where Y is the apparent velocity ratio corresponding to 
the effective ratio Y^ and 

= 4 [Yo S <Po + Co (4/0 + 9i)] 

From equation (4) we obtain: 

1 



4Tr Y' 



fl + 



1 + _S flYl 

4Tr Y^ 



— a = 



£i_(Y) 
fa (Y ) °' 



and therefore 



h = s ^ J £i m 

fg (Y) 

^^-A = const - '^'^ ^^-1^7 
a=0 

The above formulas were used for calculating the values of 
Bh/da, putting s/R^ = 0.19, I = 0..^35, and assuming: 

Cqo' = 2.8, Co = 0.01, cpo = 1.467, 61 = 0.425, \|/o = 0.62. 

The computations are given in the table below. 



Y 


T 




f(Y) 


f 1 (Y ) 


fa (Y )., 


9h 

calculated 


dh 
5a 

experimen- 
tal 


0.3 


0,0055 


"o7303~ 


0.0635 


0.99 


1.0180 


0.0118 


• 0.0114 


■ .25 


.0167 


. 263 


.048 


.96 


1.022 


.0086 


.0083 


.2 


.025 


. 226 


.0365 


,91 


1.02 


.0062 


.0064 


.15 


.0288 


.178 


.023 


.835 


1.025 


.0035 


.0042 
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The agreeinent "between the computed and test results 
shoT/n in the last column of the tahle appears to "be very- 
good even for the smallest values of "Y. The importance of 
this result, as "brought out on figures 6 and 7, showing 
the effect of a on the coefficients t and , lies 
essentially in the possi"bility of determining the aerody- 
namic elements of the propell er , necessary for the computa- 
tion of the interference of the latter on the other air- 
plane parts, from the propeller characteristics calculated 
or derived experimentally for zero angle between thrust 
line and wind direction. 

The effect which the propeller slipstream produces on 
the lift of the tail is clearly shown in figures 3-11. 
It is i.Timediat ely evident that the increment in the lift 
increases as Y decreases. The relative increment de- 
creases, however, at larger angles a, a fact which may 
at least qualitatively "be explained if it is ohserved that 
the portion of the stabilizer whidh lies in the propeller 
slipstream is smaller the larger the angle a. 

In order to obtain a good interpretation of the test 
results, it is convenient to compare the results with 
those obtainable by the theory based on the consideration 
of a perfect fluid in which the damping of the vortices 
and the resulting deformation of the propeller wake is not 
considered. 

If, in the determination of the lift of the tail, the 

rotational increments induced by the propeller are not 
taken into account, these increments producing essentially 
a dissymmetry in the distribution of the circulation along 
the stabilizer span, and the stabilizer is assumed to be 
completely immersed in the propeller slipstream, the lift 
coefficient c.^ becomes 

~ s 
Cp = cp^ ' (l + (a - ai^) 

where c.^ ' is the angular lift coefficient of the tail 

surface for the locked propeller and therefore zero incre- 
ment v while as denotes the change in the incidence 

^ e 

on the tail resulting from the propeller action. But 
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where x is the increment defined ahove normal to V* We 
o>tai.n : 



0 



The first term of the second memher of (5) in which Cp 

is the coefficient of lift of the tail with propeller 
locked, defines the effect of the increment in velooi-ty 
produced "by the propeller while the second term cor're- 
sponds to the effect of the wind deviation. Equation (5) 
ia identical in form with the stahility formula of G. Jfc. 
Crocco (reference 3), giving the interference of the pro- 
peller on the stahilizer. 

The values of the increments 2v/V and x/V, corre- 
sponding to the various angles a at which the tests were 
conducted, were oomtiuted for the values of V equal to 
0.30, 0.25, 0.20,' 0.15, O.IQ hy meann of formulas (2) 
and (3) and from the diagrams of figurer (t and- 5. The 
results of the computa.t i oh g are given in tahle I , in 

which are also indice.ted the comr)uted values of c ■ and 

P 

compared with those determined experimentally. The dia- 
grams for the calculated values of Op have been drawn on 

figures S: and 11. From these it may he seen that the 
agreement "between theory and experiment is sufficiently 
good on the average until angles ahove 10° are considered. 
The reason for the appreciable departure of the theoretical 
from the experimental results at the higher angles is imme- 
diately evident on examination of figure 14 showing the 
wake or slipstream for ang-les a of 15° and 20°. It is 
seen that for- . a, = .15° about 40 percent of the tail is 
outside the slipstream. The theoretical determination of 
fhe aerodynamic characteristics of the stabilizer under 
these conditions is extremely difficult, chiefly on account 
of the phenomenon of diffusion and extinction of the vor- 
ticity as a result of the viscosity, "it is nevertheless 
easy to see that there would be a very strong decrease in 
the velocity increment - a.nd- therefore in the lift of the 
tp.il. This is further confirmed by the fact that the angle 
at which maximum lift occurs is smaller the smaller the 
value of Y (figs. and 21), 

In .order to. give a better comparison of the experimen- 
tal results with those of the simplified theory developed, 
it is convenient to put equation (5) in a different form. 
It is seen from figure 12 where the angles of deviation 
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x/V . are plotted for various values of "V against the an- 
gles of yaw (Xj that in complete agreement with the the6- 
ry of a yawed propeller, in the range of incidences consid- 
ered, 

■f- = cp(V) a (6) 



that is, the angle of deviation of the flow for each value 
of the Patio Y is proportional to the angle of yaw a. 
The values of cp(Y) for each value of Y are given in 
figure 12 and tahle II. 

Substituting now in eauations (5) and (6) and denot- 
ing hy 3 the angle that the line of zero lift of the 
tail makes with the propeller axis, we have: 



from which the result is obtained that the lift coefficient 
of tiie stabilizer in the presence of the propeller for ev- 
ery constant value of Y is 



c ' = c 

p p 



while the. increment in the angle of zero lift is 

cp(Y) —l.—- 

Ac- 0 . llji = 3 (8) 

1 _ 1 ~ cPi(Y) 

1 + 



where 

q>i(Y) = (p(Y) 



1 + 



2v 
V 



The values of ' and Ae calculated hy the above 

formulas are compared with the experimental -values in ta- 
ble II and figure 13. It may be seen that the agreement 
is better for the deviation Ae of the angle of zero lift 
a!nd hence for the deviation of the flow produced by the pro- 
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peller than for the coefficient 



For the latter the 



approximation ..o.f t-he, theoretical results is. good only for 
Y ^ 0.25. . 



mr 



Figures 15-16 give the coefficients of rolling moment 
defined "by: 



'mr 



■Mj. 



is) 



in which l-^ is. the mean chord of the stahilizer 



(1™- = area/ span) 



as a funetion of the incidence a for the various values 
of Y already con.sidered.. The rolling moments, as has 
already "been noted, result from the velocity increments 

produced "by the prop el 1 er . and which at two vring sections 
at equal distances from the plane of symmetry determine 
increments Aoo that may tie assumed equal and opposite; 
i.e., for an element at distance r from the said plane, 
if, UJ is ,the induced angular velocity increment Aa = 

± — • There is thus ohtained for the rolling moment 
V + 2v . . 

over the entire tail area: 



M, 



= 2pV / 

0 



Ir^ cu 



dr=p — TT 



hCp' 



g (l . (10) 



where h is a constant whose value depends on the dis- 
trihution law of the increments induced hy the propeller 
along the tail span and also on the tail plan form, .while 
D' denotes the propeller diameter. Substituting the ex- 
pression for Mj. given =by (10), there is ohtained: 



'mr 



D 



^'P 



The mean increments ou/C may be computed by means of 
the equation 



" " . Y cos a 



(12) 



Applying equation (11) for the determination of the 



coefficients c 



mr- 



for. a = 0 and putting for the values 



10 



N.A.C.A. Technical Memorandum No. 820 



of Cjjjp those given "by the tests and which result from 

figures 15 a.nd 18, there are ohtained the values of h 
given in the tahle "below. It is immediately evident that 
the variations in the constant h due either to variations 
of y or of the plan form are rather small except near the 
value of V = 0.3 which is near the aerodynamic pitch of 
the propeller. It should likewise be observed that for 
the rectangular tail the value of h would be h = l/6 = 
0.167 if the lift were uniform along the span and the in- 
crements induced by the propeller were likewise constant. 



•y 




0.3 


0,25 




0.20 


0.15 


1000 K 


2.4 


4.95 


. 6.2 


6.7 


1000 ^ 

Q 


5.1 


12.2 


18.4 


24,2 


°mr ' 


rectangular stabilizer 


.025 


.034 


.055 


.105 


°mr ' 


elliptical stabilizer 


.024 


.032 


.052 


.103 


°mr ' 


triangular stabilizer 


.02 


.03 


.046 


.083 




recta.ngular stabilizer 


.278 


.127 


.105 


.105 


h < 


elliptical stabilizer 


.278 


.127 


.105 


.105 




triangular stabilizet 


.243 


. 122 


.096 ■ 


.091 



As a increases, according to equation (11), the co- 
efficients would remain constant if it were not for small 
vs.riations in U)/Q due to the yaw of the propeller, for 
all the values of a corresponding to the s t rai ght- lin e 
portion of the lift curve. The test curves are in fact 
horizontal tangents for a, = 0 and decrease rapidly for an 
angle of incidence that is less than the critical. This is 
a consequence of the fact a,lready pointed out that as the 
yaw r.ngle a increases, an increasingly larger portion of 
the stabilizer lies outside the propeller slipstream and 
that portion being further removed from the axis has the 
maximum efficiency as fa.r as producing the rolling moment 
is concerned. The moment which was to the right reverses, 
although s.lways remaining very small, for a value of a 
less than 10*^ at V = 0.30 while the knee of the lift 
curve lies at less than 16*^. This also explains the very 
large values of h for values of Y near correspond- 
ing to the aerodynamic pitch. In the neighborhood of 
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U) = 0 the ratio of the mazimuin to the mean increment in- 
creases rapidly /because for one part of the radius the in- 
crement changes sign for a value of V near "but less than, 

If it is desired to take account of the: circumstance 
that the plane of the tail is not completely immersed in 
the propeller slipstream, it is necessary to multiply the 
coefficient Cj^j^ given hy equation (11) hy the reduction 
factor 




where L is the distance of the stabilizer from the pro- 
peller disk. It is thus seen that the decrease in the 
rolling-moment coefficient is at least qualitatively given 
hy the theoretical formula. 

It is still of interest to express the rolling moments 
on the tail caused "by the rotational incr ementg^ induced "by 
the propeller as a function of the engine torque 0 applied 
to the propeller. We ohtain : 

^ ~ 0 " KR3 

The other tests in the program undertaken "by the Aero- 
nautical Laboratory were devoted, as has already been said 
above, to the determination of the effect of the propeller 
on the lift of the stabilizer in the presence of a wing 
placed at different positions with respect to the propeller 
and with different positions of the stabilizer. The re- 
sults of these tests, which were carried out on the appa- 
ratus described in the Experimental Reports, Series 1, and 
on the 6— component balance described in this paper, will be 
presented in a later series of these reports. 

Translation by S. Heiss, 
National Advisory Committee 
for Aeronautics. 
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TABLE II. Rectangular Surface 
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figurt 2,- Ustal propeller with two adjust- 
able blades. Torino S 1. 
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Plgare 8.- Lift curvet of tell of rectanfular 

plan fonn. Torino 30, 
Experimentally dedxiced CTirve. 

Angle of tail setting 0°. p/D-0.9 
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Figure 4.- Yaw tests , 2- "blade metal propeller, 
Torino E 1. p/D= 0.9 
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Figure 5.- Yaw tests , S-blade metal propeller, 
Torino E 1. p/D= 0.9 
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Yaw tests, 2-'blade metal prepeller. Torino E 1. p/d= 0.9 
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Jigure 9.- Lift curv«a of tall 
of triimgular plan 
form , Torino 31. Angle of tail 
•etting 0? p/D-0.9 



figure 10.- Lift corvea of tail 
of elliptical plan 
form. Torino 32. Angle of tail 
setting 0? p/Dx^O.9 




figuire 11. > Lift curves of rectangular tail. 
Torino 30, 

Angle of tail setting 15*>. p/D— 0.9 



JI.A.C.A. Technical Memorandum No. 820 



Pigs. 12, 13 




^c'jj Theoretical 



" P 
3.2 



2.8 
2.4 

2.0 

1.6 
1.2 

0.8 

0.4 

0 



















- — 


r- 








1 




> 














































— 
























































































































































































— 
















































SI. 


va 


to: 


■ \ 




■- - 
























s 


stt 


in 




1 


— y 




























































































V 


























— 

















































































1 — 




















1 








































1 






































i — i_ 






t 

1 





c 'p Theoretical, 
■^levator setting 



Ae°Theoretical 



0.2 



0.4 



0.6 



0.8 2v 
V 



Figure 13. 



N.A.G.A.. Technical Memorandum No, 820 



Pigs. 14, 19 




^.V= C.30 




Figure 19 



V.A.C.A. Ifoebaleal Uenorandum HO. 820 



nss.15,16,17.18 




figore 15.- BolllngHuoment curves 

of tall of rectaiQgulw 
plu foru • Torino 30. iuogl* of tell 
•ettiag 0°. p/]}»0.9 





Tigure 16.- RollingriMment cirrTss 
of tail of triangular 
plan font. Torino 31. Aogla of tall 
lattiag 0°. 



Tlgoro 17.- Bolllng-^aoMnt curroa 
of tall of elliptical 
plan form. Torin* 32. Angle of tall 
•otting 0*». p/D-0.9 
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